Abstract Thermal inactivation of Ca 2? ATPase of squid myofibrils was significantly suppressed in the presence of Ca 2? . Monomeric myosin content decreased much faster than Ca 2? ATPase inactivation in Ca medium, which was well explained by fast rod denaturation. In contrast, rod denaturation was slower than S-1 in EDTA medium. The decrease in monomeric myosin content was explained by faster S-1 denaturation. Comparing the S-1 and rod denaturation rates at a fixed temperature, it was concluded that S-1 denaturation was suppressed by Ca 2? whereas the rod denaturation was not. An unfolding experiment with isolated myosin rod confirmed that there was no stabilizing effect of Ca 2? on myosin rod. It was concluded that significant stabilization of the S-1 portion by Ca 2? generated the apparently different myosin denaturation patterns in the two media.
Introduction
Mantle muscle of squid is distinguished from fish dorsal or mammalian skeletal muscle by its structure. The former shows obliquely striated structure and the latter shows striated structure. Squid muscle is characterized by the myosin-linked muscle contraction regulatory system commonly observed in mollusk muscle, such as scallop adductor muscle [1] . In this system, muscle contraction is triggered by the direct binding of Ca 2? to one of the myosin light chain (LC) components termed the regulatory light chain (RLC) [2, 3] , while the receptor for Ca 2? in fish or mammalian muscle is troponin, located on F-actin filaments [4] .
We found a unique thermal denaturation profile for squid myofibrils; Ca 2? ATPase inactivation was significantly suppressed in the presence of Ca 2? [5, 6] . Stabilization by Ca 2? was also detected with myosin subfragment-1 (S-1) [7] . The stabilization by Ca 2? achieved with myofibrils was much greater than that observed with S-1; the stabilizing effect of Ca 2? on myosin was enhanced by binding to F-actin. However, that Ca 2? ATPase inactivation study did not provide any information on the effect of Ca 2? on the denaturation of squid myosin tail.
We proposed that chymotryptic digestion of myofibrils detects myosin denaturation at the rod portion as well as the head region through their decreased production [8] . The myosin denaturation pattern as studied by S-1 and rod denaturation differed among fish species. Carp showed swifter rod denaturation, while slower rod denaturation than S-1 denaturation was the pattern for Alaska pollock [9] . As the thermal inactivation of squid myofibril Ca 2? ATPase was suppressed by Ca 2? , it would be interesting to know whether Ca 2? stabilizes myosin rod when heated as myofibrils. Moreover, salt solubility and monomeric myosin content upon heating in the presence and absence of Ca 2? was studied in relation to S-1 and rod denaturation in two media.
Materials and methods

Preparation of myofibrils
Myofibrils were prepared from the mantle muscle of the Japanese common squid Todarodes pacificus [5] . Homogenized muscle was washed with 0.1 M KCl, 20 mM TrisHCl (pH 7.5) containing 1 mM EDTA repeatedly. The inclusion of EDTA was essential in order to eliminate metallo-type proteolytic activity, which degrades myosin selectively [10, 11] . As the incubation of the above myofibrils with Ca 2? showed practically no myosin degradation in the presence of EDTA, the remaining proteolytic activity in the preparation was negligible. Washed myofibril was finally suspended in the above buffer containing no EDTA and filtered through two layers of gauze to remove connective tissues; the resulting filtrate was used as the myofibril suspension.
Thermal denaturation of squid myofibrils
Myofibrils suspended in the above buffer were heated in the presence of either 0.2 mM CaCl 2 (Ca medium) or 1 mM EDTA (EDTA medium). We confirmed that the CaCl 2 concentration in the Ca medium was high enough to ensure full stabilization of myosin [12] . The heating temperature was optionally changed. Myosin denaturation upon the heating of the myofibrils was studied by monitoring the following indicators; Ca 2? ATPase activity, salt solubility, and monomeric myosin content. These were measured as previously reported [13] .
S-1 and rod denaturation as studied by the chymotryptic digestion of heated myofibrils Chymotryptic digestion was performed for 60 min at 20°C in a digestion medium of 0.05 M KCl, 20 mM Trismaleate (pH 7.0) and 1 mM EDTA using 1/400 (w/w) of chymotrypsin over myofibrils. For the digestion, heated myofibrils were diluted with an equal volume of 20 mM Tris-maleate (pH 7.0) and 4 volumes of 0.05 M KCl, 20 mM Tris-maleate (pH 7.0) to reduce the CaCl 2 or EDTA concentration present in the heated medium. The presence of EDTA at 1 mM in the digestion medium was high enough to chelate the CaCl 2 from the Ca medium (0.025 mM).
To access S-1 and rod denaturation in myosin, the amounts of monomeric S-1 and rod produced from heated myofibrils upon chymotryptic digestion were estimated. Monomeric fragments as well as the monomeric myosin content were measured using ammonium sulfate fractionation at 40% saturation in the presence of 2 mM MgCl 2 -ATP, as previously described [13] . The digests and the supernatant at 40% saturation were applied to SDS-PAGE. SDS-PAGE was performed according to Laemmli using 7.5% polyacrylamide gel [14] . The staining intensities of MHC, S-1, and rod on SDS-PAGE were measured using a Fuji Film Multi Gauge 2.0 system (Fujifilm Co., Tokyo, Japan) after scanning the gel on a CanoScan 8000F (Canon Co., Tokyo, Japan). All of the changes that occurred upon the heating of the myofibrils were analyzed by applying a first-order reaction mechanism [9] .
Isolation of squid myosin rod Rod was isolated from the chymotryptic digest of squid myofibrils conducted in the presence of 1 mM EDTA as above. The rod in the digest was purified using ammonium sulfate fractionation, as previously described [15] . Myosin rod was finally dissolved in 0.5 M KCl, 20 mM Tris-HCl (pH 7.5).
Study of the unfolding of myosin rod
The unfolding of squid myosin rod dissolved in 0.5 M KCl, 20 mM Tris-HCl (pH 7.5) with either 1 mM CaCl 2 or EDTA was measured on a J725 spectropolarimeter (JAS-CO, Tokyo, Japan) [16, 17] using a 1 mm light path cell. The solution was heated at a rate of 1°C/min and the ellipticity at 222 nm was recorded. The ellipticities at 10 and 70°C were assumed to correspond to a-helix contents of 100 and 0%, respectively.
Results
Changes in Ca
2? ATPase, salt solubility, and monomeric myosin content upon heating myofibrils in Ca and EDTA media Myosin denaturation in the presence of either Ca 2? or EDTA was compared by measuring the salt solubility and monomeric myosin content as well as the Ca 2? ATPase. Due to large differences in the inactivation rates associated with the two incubation media, the accurate measurement of these changes at a fixed temperature was practically impossible. The heating temperature was therefore chosen so as to give similar ATPase inactivation rates in the two media; i.e., 40 and 33°C for Ca and EDTA media, respectively. Half of the ATPase was inactivated in 20 min in Ca medium and in 30 min in EDTA medium. When heated in Ca medium (Fig. 1a) , salt solubility and monomeric myosin content decreased very quickly, roughly five times faster than ATPase inactivation. This result indicated that myosin formed aggregates before losing ATPase activity, and that salt-soluble myosin was completely monomeric. On the other hand, when heated in EDTA medium (Fig. 1b) , salt solubility decreased at the same rate as ATPase inactivation, and the monomeric myosin content decreased slightly faster (1.4 times) than ATPase inactivation. These results indicated that inactivation led to a drop in salt solubility. They demonstrated that the presence of Ca 2? in the heating medium significantly changed the myosin denaturation pattern.
S-1 and rod denaturation in Ca and EDTA media
We also studied the structural changes of the rod and S-1 portions upon heating in the two media. Squid myofibrils heated in Ca and EDTA media were digested so as to convert myosin into S-1 and rod. SDS-PAGE patterns of the digests obtained are presented in Fig. 2a-(1) and a-(2) , respectively. S-1 and rod consisted of several bands, suggesting a mixture of several species of different sizes. A rapid decrease in rod production relative to S-1 was the characteristic pattern in Ca medium; see Fig. 2a-(1) . A gradual increase in the bands migrating above the actin band became noticeable over time in Ca medium. On the other hand, a slower decrease in rod production than S-1 characterized the changes in EDTA medium; see Fig. 2a - (2) . We further studied whether the S-1 and rod in the digests were monomeric or aggregated using the saltingout technique. The components recovered in the supernatant at 40% saturation was referred as monomeric fragments. Aggregated fragments were removed as precipitates [9, 14] . The components in the supernatant were again analyzed by SDS-PAGE (Fig. 2b) . Irrespective of the amounts of S-1 and rod produced, they were almost completely recovered in the supernatant in the two media. Moreover, fragments above actin in the Ca medium were also recovered in the supernatant. It was thus concluded that the fragments produced (S-1, rod, and other fragments) from heated myofibrils were all monomeric.
The amounts of monomeric S-1 and rod in the supernatant (see Fig. 2b ) were estimated using a densitometer. The decrease was analyzed by assuming a first-order reaction mechanism (Fig. 3) . The decrease in rod production proceeded much faster than that of S-1 when heated in Ca medium, and the rapid loss of monomeric myosin was explained by myosin denaturation at the rod portion. The rod denaturation rate was 4.7-fold greater than that of S-1 denaturation. ATPase inactivation was well explained by the S-1 content. In contrast, the decrease in monomeric rod was slower than the decrease in S-1 in EDTA medium. In this case, the rod denaturation rate was 0.3 times that of S-1. Unlike the results observed in the Ca medium, the decrease in the S-1 content was slightly faster than ATPase inactivation, indicating that the S-1 portion underwent structural changes without damaging the active site. The slightly faster decrease in the monomeric myosin content than ATPase inactivation in EDTA medium was well correlated with the decrease in monomeric S-1 content. A slightly faster decrease in monomer myosin than ATPase was reported for Alaska pollack myofibrils [14] . Myosin became damaged at its S-1 region but not at its active site, which led to aggregate formation when heated in the EDTA medium. We compared the S-1 and rod denaturation patterns of squid myofibrils in the two media at different and fixed temperatures. We wondered whether the denaturation profile is affected by the heating temperature in the range from 30 to 42°C. Therefore, squid myofibrils were heated at various temperatures in Ca and EDTA media, and the rod and S-1 denaturation rates were calculated as above by measuring monomeric fragment contents. The data obtained were analyzed using an Arrhenius plot (Fig. 4) . The S-1 and rod denaturation rates in Ca and in EDTA media all gave linear relationships with roughly the same slopes. Accordingly, a characteristic S-1 denaturation profile and a characteristic rod denaturation profile in Ca and EDTA media were observed at all temperatures within the range studied. Using the graph, the denaturation rates of S-1 and rod in the two media at a fixed temperature were calculated by extrapolating the lines. The rate of S-1 denaturation at 37°C in EDTA medium was too large to measure, but the calculated rate in the logarithmic scale was -2.2, indicating that S-1 was stabilized by Ca 2? 48-fold. The rate of rod denaturation in EDTA medium was also calculated to be -2.8. Thus, the rate in EDTA medium was about three times greater than in Ca medium. The degree of stabilization was negligible compared to that obtained for S-1 denaturation.
Unfolding profiles of squid myosin rod with Ca 2? or EDTA Rod denaturation when heated as myofibrils was slightly stabilized by Ca 2? . It is unclear whether the thermal denaturation of the rod portion is suppressed by a direct effect of Ca 2? on the rod. To study the stability of rod in Ca and EDTA media, unfolding profiles for isolated myosin rod were compared in the presence of Ca 2? and EDTA in monomeric form at 0.5 M KCl, 20 mM Tris-HCl (pH 7.5). The conditions used when heating the rod were different from those used for myofibrils. As the stabilizing effect of Ca 2? was detected with isolated myosin S-1 [7] , a stabilizing effect might be detected with rod solution, if present. The relative decrease in the ellipticity of the rod solution at 222 nm was followed upon raising the temperatures of the two media. The profiles are presented in Fig. 5 . There was no difference in the unfolding profile between the two media. When the helical contents of the rod at 10 and 70°C were taken as 100 and 0%, respectively, half unfolding was observed at around 34°C. Accordingly, the stabilization of the rod portion of myosin by Ca 2? when heated as myofibrils was not found to be a direct effect.
Discussion
Squid myosin shows a unique property during the thermal denaturation process; myosin is stabilized by Ca 2? , as can be studied through the suppression of ATPase inactivation [5] . Ca 2? was found to have a more significant effect on myofibrils than myosin or S-1 [7, 12] . However, the effect of Ca 2? on the rod portion had not previously been studied. Chymotryptic digestion of the myofibrils is useful tool to analyze rod denaturation in myofibrils [9] . The S-1 and rod bands in the digests of squid myofibrils contained several minor bands that were probably due to several cleavage sites near the S-1/rod junction, as proven for scallop myosin [18] . In the present study, all of the bands were (a) (b) Fig. 2 Changes in S-1 and rod production from heated squid myofibrils. Squid myofibrils in Ca medium (a) and in EDTA medium (b) were heated at 40 and 33°C, respectively. Myofibrils were digested at 20°C for 60 min in a medium consisting of 0.05 M KCl, 20 mM Tris-maleate (pH 7.0), and 1 mM EDTA using 1/400 (w/w) chymotrypsin. The SDS-PAGE pattern for the digest (1) and the supernatant at 40% saturated ammonium sulfate (2) were compared. Rod, S-1, Act, LMM, and TM refer to myosin rod, subfragment-1, actin, light meromyosin, and tropomyosin, respectively combined in the calculation of S-1 and rod contents. The rod produced sometimes contains aggregates that can be removed by ammonium sulfate fractionation [9] . We noticed that the presence of paramyosin in the digest made it difficult to measure S-1 content due to its similar mobility to that of S-1 on the gel. Fortunately, paramyosin was completely removed as it precipitates out with 40% saturated ammonium sulfate. Thus, the monomeric S-1 content in the supernatant at 40% saturation was measured. Practically all of the rod was monomeric, so rod denaturation was also studied by estimating monomeric rod.
Rod and S-1 showed different relative denaturation rates in Ca and EDTA media was different. Relative to S-1 denaturation, the rapid denaturation of rod in Ca medium and the slow denaturation of rod in EDTA medium were the characteristic patterns. The fast decrease in rod production was accompanied by the production of LMM-like or subfragment-2-like fragments that migrated above the actin band, as shown for fish myofibrils [8] . The pattern Temperature (ºC) Helix content (relative) Fig. 5 Unfolding profiles of squid myosin rod in media containing Ca and EDTA. Squid myosin rod in 0.5 M KCl, 20 mM Tris-HCl (pH 7.5) was heated using a linearly increasing program at a rate of 1°/min from 10 to 70°C. The decrease in the ellipticity at 222 nm was followed as an index of the unfolding or helix structure of the rod. The relative ellipticities at 10°C and at 70°C were taken as corresponding to helical contents of 100 and 0%, respectively. Solid and open symbols denote heating with 1 mM CaCl 2 and EDTA, respectively Fish Sci (2012) 78:163-168 167 found in Ca medium was similar to that seen for carp myofibrils, and the slow rod denaturation in the EDTA medium was rather similar to that observed for pollock myofibrils [9] . S-1 and rod denaturation explained myosin denaturation, as monitored through aggregation, detected through the loss of salt solubility and monomeric myosin. Myosin aggregation is the fastest event in the two media, but the cause of this change differed in each case. The quick denaturation of rod in Ca medium explained the quick formation of aggregates. Myosin aggregation in the EDTA medium was explained by S-1 denaturation, as the rod denaturation rate was lower than that for S-1 denaturation. We proposed that the S-1 and rod denaturation pattern was dependent on the fish species [19] . However, squid myofibrils exhibited different denaturation patterns according to the heating conditions. Accordingly, the denaturation pattern depends on the fish species, but is also affected by the presence and absence of Ca 2? in the case of squid.
Each medium presented a characteristic pattern between 30 and 42°C, as proven by measuring temperature-dependent denaturation rates. The S-1 denaturation rates in EDTA medium were always 48 times larger than those in Ca medium. Rod was a little less stable in Ca medium than in EDTA medium, but only threefold. We wondered whether this stabilization could be detected with isolated rod. Ca 2? is able to bind to negative charge on the surface of rod, like Mg 2? [20, 21] . As Mg 2? binding affects myosin filament structure, Ca 2? binding to rod may stabilize the rod portion too. However, the isolated squid myosin rod denatured in exactly the same manner in the two media when the destruction of the a-helix was monitored (as an index of denaturation) upon increasing the temperature. A direct effect of Ca 2? binding to rod does not seem probable. The high degree of stabilization of the S-1 portion caused by Ca 2? probably indirectly affected the denaturation of the connecting rod region slightly. It has been reported that rod denaturation, as studied through aggregate formation, was affected by the connecting S-1; namely, rod aggregation was significant when myosin was heated, while no aggregation occurred when an S-1 and rod mixture was heated [22] . It was therefore concluded that the stabilizing effect of Ca 2? on myosin is restricted to the S-1 portion, and the stability of the rod portion is largely unaffected by the presence of Ca 2? .
